droplet protein 2, is present on embryonic lipid droplets bules, and net transport changes reproducibly [12] . Phase I, with no net transport, is followed by net plusand that lack of LSD2 results in a specific transport defect: A core transport machinery is intact because end transport (phase II) and subsequently by net minus-end transport (phase III). motors remain attached to the droplets and function relatively normally, but regulation of motion is preOne potential mechanism to regulate motion is a change in the protein composition of the droplets. We vented. We find that LSD2 is multiply phosphorylated in a developmentally controlled manner, that changes therefore isolated lipid droplets from staged collections of wild-type embryos (see Experimental Procedures). in its phosphorylation state depend on the Halo protein, and that Klar and LSD2 can physically interact. These Droplet proteins were separated on 2D gels and visualized with silver staining ( Figure 1A ). The overall spot observations suggest that LSD2 is a crucial link between developmental signals (like Halo) and the core pattern was similar for all phases, but there was a consistent change: One spot was faint in phase I, strong in motor machinery, whose activity it modifies. Because LSD2 also plays a central role in lipid metabolism [21, phase II, and of intermediate intensity in phase III (Figures 1B-1D , arrow). This pattern repeated in three inde-22], our results suggest a possible link between droplet motion and the regulation of metabolism. This connecpendent experiments. The relevant spot was excised, and its identity was determined by mass spectrometry tion might be quite general because droplets in many organisms move, and the mammalian homolog of to be lipid storage droplet protein 2, LSD2. LSD2 is a member of the PAT protein family of lipid-droplet-asso-LSD2-Perilipin-also controls lipid homeostasis. ciated proteins present in species from mammals to slime molds [24] . One of the mammalian family memResults bers, Perilipin, functions as a gateway molecule in neutral-lipid metabolism in adipocytes [25] . Depending on Physical Isolation and Separation of Lipid-Droplet Proteins its phosphorylation state, Perilipin prevents or promotes the docking of lipases to droplets and thus conLipid droplets are composed of a layer of phospholipids and proteins surrounding a central core of neutral trols the breakdown of stored lipids. Insects generally have two family members [26] , LSD1 and LSD2. In Drolipids [15] . To characterize proteins physically associated with the droplets, we first purified the droplets sophila, knockouts of LSD2 impair, but do not abolish, the ability of the animal to store neutral lipids [21, 22] . from Drosophila embryos with a protocol almost identical to the flotation method from Yu et al. [23] . Details of this procedure will be published elsewhere (S. Cer-LSD2 Is Associated with Embryonic Lipid Droplets To study LSD2's possible role in droplet transport, we melli et al., unpublished data).
After resuspension, proteins were separated by moemployed several LSD2 alleles. We focused on an RNA null allele, called LSD2 KG here, that is due to a P elelecular weight and/or isoelectric point and then detected by in-gel staining or Western blotting. Silver ment insertion [22] . In some experiments, we also used alleles ⌬1 and ⌬2, derived from LSD2 KG and the indestaining of typical droplet preparations revealed several hundred spots (Figure 1 ). We believe that many of them pendent P element allele LSD2 BG (Figure 2A ). With an antibody against a C-terminal LSD2 peptide, represent bona fide droplet-associated proteins because by Western analysis, markers for several other we detected a protein of w43 kDa in embryo lysates by Western analysis (Figure 2B) , consistent with the size of organelles were either absent or highly depleted in these samples (S. Cermelli et al., unpublished data).
LSD2 in larval tissues [22] . Genetic controls demonstrated that this band represents LSD2 ( Figure 2B ). LSD2 protein is maternally provided (see Figure S1 in A Droplet-Associated Protein Whose Levels Change during Development the Supplemental Data available with this article online), and in comparison to embryo lysates, it is highly Throughout the first few hours of Drosophila embryogenesis, lipid droplets move bidirectionally along microtuenriched in the droplet fraction ( Figure 2C ). In adult and Figure 3D) and The failure to clear correctly is likely due to the lack of lipid droplets [14] accumulate apically instead of bas-LSD2 because similar clearing defects are observed ally; other organelles are normally distributed [14] .
with the alleles LSD2 D1 and LSD2 D2 and more weakly Third, when embryos are centrifuged, lipid droplets and and variably for the independently isolated allele associated regulators such as Klar accumulate on one LSD2 BG (Figure 2A ), which produces variable amounts side of the embryo in a droplet layer [13] . LSD2 was of protein. also highly enriched in this layer ( Figures 3F and 3G) .
We stained embryos with the droplet-specific dye Finally, when embryos were broken to disperse embryNile red to directly compare the droplet distribution in onic organelles, LSD2 signal (green) surrounded the wild-type and LSD2 KG . In phase II, droplets in wild-type droplets' neutral lipid core (red) (Figures 3H and 3I ). Toembryos were localized basally, but they were distribgether with the Western data ( Figure 2C ), these obseruted throughout the periphery of LSD2 KG embryos (Figvations argue that in embryos, LSD2 is largely present ures 4D and 4E). In phase III, droplets were found on lipid droplets. It is possible that a small fraction of throughout the embryo periphery in both genotypes embryonic LSD2 is present elsewhere; in larvae, LSD2
(not shown). Thus, there is little, if any, net transport of has been reported to partially localize to the ER [27] . To clarify LSD2's function, we quantified droplet motion in LSD2 KG embryos and in a simultaneously acquired set of wild-type data. Droplets display periods of uninterrupted motion ("runs") interspersed with reversals in directions and pauses. In the wild-type, two classes of runs can be distinguished: short-slow runs (low velocities, short travel distances) and long-fast runs (higher velocities, longer travel distances). It is predominantly the long-fast runs that are regulated to control net transport. LSD2 mutant embryos displayed both classes of runs, on the basis of previously established criteria [10, 11] (see Table 1 ). In phase II, both plus-end and minus-end run lengths were slightly decreased in relation to the wild-type ( Figures 5A and 5B ), but the decrease in plus-end motion was larger, resulting in abolishment of net transport. This decrease in average run length was due to a decrease in the length of long-fast runs, rather than a change in the relative number of long-fast versus short-slow runs (Table 1) . To specifically measure the velocities of long-fast runs, we examined the mean velocity of runs between 500 and 1000 nm long because there are almost no shortslow runs longer than 300 nm [11]. For both directions, motion was slightly slower in mutant than in wild-type embryos ( Figures 5C and 5D) . Strikingly, the developmental transitions characteris- respond to regulatory signals is impaired. Figure 6A, EL) , even when tion to the wild-type, the LSD2 on droplets from phase compared to earlier stages ("phase 0"). LSD2 was also II halo − embryos ( Figure 6E ) showed a pronounced innot differentially recruited to droplets from the surcrease in spots on the left end of the spectrum, reprerounding cytoplasm in different phases because total senting lower IEP. It is these spots that in the wild-type LSD2 levels were very similar on droplets from all phases change between phases II and III ( Figure 6B ). Thus, in (Figure 6A, LD) . the absence of Halo, the phosphorylation pattern of We therefore returned to 2D gel electrophoresis; we LSD2 in phase II approximates the pattern of the wildseparated proteins in droplet preparations by molecular type phase III; it mimics how droplet motion itself is weight and isoelectric point (IEP) and subsequently altered in the absence of Halo. This observation strongly probed for LSD2 by Western analysis (Figure 6B) . In all suggests that Halo controls droplet motion at least in phases, LSD2 was represented by a range of spots, of part by altering LSD2's state of phosphorylation. The similar molecular weight, but ranging in IEP from 6.5 to temporal correlation between upregulation of Halo and 8.5. This suggests that LSD2 can exist in multiple isochanges in LSD2 phosphorylation is consistent with forms distinguished by their IEP.
LSD2 Can Physically Interact with a Component
rather direct effects of Halo on LSD2 (Figure 7 ). To test whether some or all of these isoforms were caused by phosphorylation, we treated the lipid-droplet fraction proteins with alkaline phosphatase to remove Discussion phosphate groups. All the spots of lower IEP were converted into a single spot at IEP 8.5 ( Figure 6C) . Thus, Using a biochemical approach, we identified a new regulator of droplet transport, LSD2, the Drosophila homothe right-most spot in untreated embryo lysates appears to be the unphosphorylated form of LSD2, and log of the mammalian Perilipin. In the absence of LSD2, droplets move bidirectionally, but the embryos lose the the other spots are caused by addition of various numbers of phosphates. ability to initiate directed droplet transport. Our functional analysis suggests the first outline of a regulatory The pattern of LSD2 spots changed reproducibly with the phase of transport ( Figure 6B, plus sign) , raising the pathway for droplet motion, connecting LSD2, Halo, transport [37, 38] . This emerging link between the physical motion of
